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A WQRKING MQDEL QF THE ATMQSPHERE OF VENUS
V.I. Moroz

Introduction /3%

Flve Soviet spacecraft carried out direct measurement of
temperature, pressure and other basic parameters of the atmosphere
of Venus 1in an altitude range of 0 to 55-58 km. TIn the interval
from 40 to 80 km, the atmosphere was studied by radioscopy when
the American spacecraft Mariner-5 passed close to the planet.l

The present model summarizes these and other results. It
shows the distribution of temperature, pressure and density
according to altitude in the atmosphere of Venus, taking into
account all information which the compiler had at his disposal
for November 1973. Special attention is pald to analyzing infor-
mation in the pressure area 0.1-1 atmosphere. Evaluations were
carried out of illuminance (solar and diffused) in the upper
cloud layer, and also of heat fluxes and wind speed, which can
be recommended for technical calculations.

1. Chemical Composition of the Atmosphere /4

The basic component of the atmosphere of Venus is COZ'
According to measurement results carried out by V4, 5 and 6
spacecraft using chemical gas analyzers, its volumetric percentage
content 1s 97 t 3 [1]. The total upper limit of nitrogen and
inert gas content does not exceed 2%, oxygen -- 0.1%. At a
level of 0.6-2 atm., the sensors of V4, 5 and 6 observed

approximately 1% H50; however, there 1s some contradiction with

Lrop brevity, spacecraft Venus-4, 5, 6, 7, 8 and Mariner-5 will
be designated V4, 5, 6, 7, 8 and M5.

¥Numbers in the margin indicate pagination in the foreign text.



Earth spectroscopy, which gives twe orders less for some greater
altitudes. Chemical sensors on V8 [2] found traces of NEH
(0.01-0.1%), whlch also slightly exceeds the spectroscoplc upper
1imit (mloﬂa%}. Spectroscopic observations, on the other hand,
detected small amounts of CO, HC1 and HF [3, 4]. A summary of
the basic information on the chemical composition is shown in
Table 1. It does not include spectroscopic upper limits which
are known for many compounds (see, for example, [5]).

For calculating the model of the atmosphere, the content of
CO, will be taken as 100% (and correspondingly the molecular weight
44.0) in a range of altitudes from 0 to 150 km. The difference
in models with a 100% and 95% €O, (remainder N,) 1s less than
errors in the initial values of temperature and pressure,
especilally In the range of altitudes where they must be extra-
polated by theoretical models.

2. Temperatures, Pressures and Densities

In Venus descent vehicles (DV) the temperature was measured
with resistance thermometérs, and the pressure with aneroid
sensors [6, 7]. Apart from which, an lonization densitometer
was used for measuring denslty on the V4 [6], and a tuning-
fork densitometer on V5 [8]. The experiment produced T, P and /5
p directly in the time function as !the DV descended by parachute.
A radio-location altimeter was used on V5, V6 and V8 for absolute
conjunction in altitude. Relative altitudes were determined more
rellably by integrating a hydrostatic balance equation from the
equation of motion of the DV. Measurement on the DV embraced a
range from 0 to 58 km; however, in its upper section (above 40-50
km), the accuracy of the direct determinations of pressure and
temperature was smaller than that of the radio refraction
experiment on M5 .[9]. Therefore, beginning at 40 to 75 km
pressure and temperature profilés wlll be used which were obtained
by the American spacecraft. In work [9] three pairs of such



profiles were published (the night side according to the Dopplepr
effect and attenuation, the day side according to the Doppler
effect), and are very close to each other. They were averaged
for compiling the present modél.

Flgure 1 shows the P-T diagram for the atmosphere of Venus
on which results of Soviet direct and American radio-refraction
measurements have been plotted. This presentation of information
is more convenient, since it does not depend on theilr altitude
conjunction. Probable errors of direct measurement are estimated
approximately according to data given in works [10, 11]. Here
there is also an adiabat for 100% 002 (with allowance for the
dependency of ¢, on P and T according to Tables [12]). The
following two conclusions can be made from examination of this
diagram:

1) ©both basic sets of measurements of P, T (direct and
refraction) agree well,

2) lower than level P = 2 atm., T = 370°K measurement in
limits of errors are satisfactorily shown by an adiabat
for pure COE.

In altitude ranges where the dependents P, T were experi-
mentally obtained, the conjunction of values for these parameters
to altitudes was determined when complling a working model by
using a barometric formula. In the case of linear dependency T /6
on helght Z, the latter has the form:

(1)

or in the adiabatilc range:
e P (e (2)
Jp Sales (3)



where Pi and Ti are pressure and temperature on a certain level i;
Prvrs Tan R
g, the acceleration of gravity (880 cmssec © on the surface);

R = 0.189 J-g_l-deg_l 1s the gas constant for C0,; ¢y is the heat
capacily during constant pressure.

» the pressure and temperature on the following level;

A level with temperature T = 750°K was taken as the initial
one. A temperature of T4l + 7°K and a pressure of 93 & 1.5 atm.
was measured where the V8 landed [11]. Adiabatic extrapolation to
a level of 750°K gives a pressure of 100 atm. with an indeterminacy
of 7%, allowing for error in initial values of temperature and
pressure. Joining the adiabat with the initial level,

T, = 750°K; P, = 100 £ 7 atm.

0 0

and Mariner data on the distance to the center of the planet,
allows one to determine this distance for our initial level. It
equals RO = 6051 km. This selected initial level corresponds to
conditions in the landing area of V7 and is 1 km lower than the
level of the landing area of V8. The actual mean level of the
surface, apparently, does not differ from RO by more than 1-2 km.
RO in limits of errors coincides with the radio-location radius
of Venus (6050 £ 5 km, see [13]).

The dependence T(Z), P(Z) was calculated by an adiabat in /7
the altitude interval Z = R - Ry from 0 to 40 xm. Higher, up
to 75 km, the direct "refraction profile" was used, obtained
by averaging Mariner data shown in work [9]. Above 75 km,
three hypothetical variants of temperature profile were used
which were compiled with respect to existing theoretical models
[14, 15]. These profiles are shown in Fig. 2. A concentration
of neutral molecules in the ionosphere can be used for a rough
check of the accuracy of the profile at great altitudes. It must

be approximately 10MY em™3 at altitudes of 150-160 km. This



criterion dees not satlsfy a model with a thermal mesopause (of
the type shown 1in work [8]), although it agrees better with results
of observations of the occultation of Regulus by Venus [16, 17].
However, the latter are too inaccurate (the altitude scale is
determined with an error of approximately 50%).

Three varlants of the working model were calculated -- the
basic, the maximum and the minimum (Tables 2-4 and Figs. 2, 3).
On the section from 0 to 70 km, the maximum and minimum models
scarcely differ from the basic -- the temperature profile is
general, pressures and densities are accepted as 10% greater in
the maximum model, and in the minimum model, 10% smaller than
in the basic. Above 70 km, a hypothetical profile with higher
temperatures 1s used in the maximum model; in the minimum model,

a lower one than the basiec.

The baslc model is close to that published earlier in work
[5]. Marked differences from the so-called "second" Institute
of the Problems of Mechanics model [18] are found in two areas:
45-60 km (the temperatures in our model were more than 20-30°),
and above 70 km, where another temperature profile is also used.
In maximum and minimum models, the profile of T at great altitudes
varies more widely than was shown in work [18].

Dally temperature and pressure variations can be reckoned

as negllgibly small up to altitudes of not lower than 80 km.

3. An Optical Model of a Cloud Layer. The Illuminance in the /8
Upper Part of the Cloud lLayer

Existing data on the basic optical characteristics of the
cloud layer can be divlided into three groups:

a) results of ground photometric and polarimetric observations,
giving information on the scattering indicatrix and



reflectlye power of particles of the cloud layer in its
upper part,

b) results of spectroscopic observatlons, the analysis of
which by using a model of the atmosphere allows one to
evaluate the méan scattering coefficient in the upper
part of the cloud layer,

c¢) measurement of the illuminance in the lower part of the
cloud layer and in the sub-cloud atmosphere on the Venus-8
DV [19].

A short summary of the results of ground observations can be
found in work [5]. In the spectrum range 0.6-1.1 um the spherical
albedo is approximately 0.90. The scattering indicatrix x(y) is
elongated forward, the value of parameter

characterizing the amount of elongation is 2.0-2.1.

Interpretation of spectroscopic observations gives a volu-
metric scattering coefflicient in the upper part of the cloud
layer:

o =2:10"° em~t

with an indeterminacy of 2-3 times. For further calculations of
the illuminance inside the cloud layer, it is sultable to use
parameter

(4

where a 1s the slngle scattering albedo, A is the spherical
albedo of the planet. Another parameter we need 1is the product:

(5)



The altitude of the upper boundary of the cloud layer Z,
is evaluated by several methods, giving close results:

a) measurement of the optical diameter of the planet near
the superlor conjunction gives altitudes of Zc = 60-70
km with a rather large indeterminacy, not less than
10 km [20, 21],

b) absorption bands of 002 are formed during effective
pressures from 0.02 to 0.3 atm. [22-24], where a 0.1
atm. which corresponds to Z, ® 65 km can be taken as
the average value,

c) rotary temperatures of weak bands of 002 on an average
are approximately 250°K [22], which corresponds to
Z, = 65 km.

It is possible that the upper boundary of the cloud layer
is diffuse and has a complex vertical and horizontal structure.
In high latitudes (y = 50-70°), its altitude, apparently, is
5-7 km less than in the equatorial [24]. There are also indi-
catlons of longitudinal variations of altitude with an amplitude
of several km. Above the upper boundary of the main cloud layer,
there are fine "ultraviolet" clouds, extending to altitudes of
95-100 km [25].

Direct measurement of illuminance on the V8 spacecraft made
it possible to fix the position of the lower boundary of the
cloud layer -- its altitude 1s approximately 35 km [19]. The
ratio of illuminance on the lower beoundary of the cloud layer
to that on the upper boundary is:

A

£ + G

[ T e——— e e C.
i
Here EO is i1lluminance for normal incidence outside of the atmos-

phere, h is the height of the Sun above the horizon (5.5 T 2.5% )i
The maxImum of the spectral characteristic of a photometer is

n

/9



approximately 6600 &, its wildth with respect to level 0.5 1s
approximately 2000 ﬁ.

For an optically uniform dispersive layer with small
true absorption

where L. is the optical thickness of the layer (R is the
geometric thickness), u(h) is the height of the Sun above
the horizon:

(7)

/10

(8)

from which

by accepting & = 30 km, we find

=

which agrees with an evaluation (5) obtained by ground observa-
tions. For us, this conformity is a basis for believing that
the cloud layer of Venus in the first approximation is uniform
over its whole thickness.

Table 5 shows the basic parameters of three optical models
of the cloud layer of Venus -- medium, maximum and minimum
(according to illuminance) and the values of coefficients shown

ares.
b L 4 E‘—-
Easinh (9)
and T ¢ il

(10)

where E+ is the illuminance of the horizontal area from above,



equal to the sum of the attenuated sclar radlation and the
radiation scattered diffusely by a cloud, E¢ is illuminance of
the horizontal area from below by diffusely scattered radiation.

Models showlng the three basle parameters are:

a) the altitude of the upper boundary of the cloud layer Zc,
b) the parameter ko,

¢) slngle scattering albedo a.

For each model there is also a volumetric scattering coefficlent
¢ and 1n tables there is an optical depth e 2
Calculation was done to level Z = 50 km. Calculation of illumi-
nance was done according to V.V. Sobolev approximation formulas
[26]. Values of T shown in Table 5 can be used directly in the
range of angles

30° .< h < 90°
When h = 30° one must multiply them by the correction factor u,
found by formula (7). The calculated values of T are suitable
for evaluating the illuminance in the wavelength interval from 411
6000 to 11,000 i. Monochromatic extra-atmospheric illuminances
of an area normal to solar rays on an average distance of Venus
from the Sun are shown in Table 6.

Models shown in Table 5 do not allow for the attenuation
of light which can take place in a rarefied haze above clouds.
It can reduce the values of T, shown in the table, by 10-20%.

There are two factors which are derived from the models
shown:

a) the illuminances from above and below differ little
even near to the upper boundary of clouds,



b) there is no abrupt change whatscever of illuminancy at
the intersectlon of the upper boundary; as the cloud
layer becomes deeper, the illuminance gradually decreases
with altitude.

The preliminary nature of the proposed optical model and
the need to refine it by new experiments must be stressed
emphatically.

Table 7 gives evaluations of the brightness of Venus which
are useful for calculating the sensitivity of photometric and
spectral instruments. They are based mainly on results of work
[27], however, other information was used for evaluating the
expected deviations from the Lambert law. In Table 7, the bright-
ness values are approximate and deviations of 20-30% are possible.

4. Thermal Radlatlion Flows in the Atmosphere

A thermal radiation flow, golng into outer space, is deter-
mined by the amount of solar radiation absorbed by the planet

@t ir-h ) Po (11)

where Aint is the integral spherical albedo, 2 is the solar S 12
constant, derived from averaging the distance of Venus from
the Sun. According to [27]

Aint = 0.77 £ 0.07 (12)
from where, by accepting ¢, = 2680 w-m"2, we find:
& = 154 Wm° (13)
2

for an average value of - — 0.77. If Aint = 0.84, ¢ = 107 W-m -3
if one accepts Aint = 0.70, then & = 201 Wem™°. In this way, the
indeterminacy in the value of the departing flow is large

-- approximately twice as large.

10



The spectrum of departing radiation 1ln the range from 3.5 to
20 um, according to ground observations [28] does not indicate a
noticeable striated structure, the bfightness temperature hardly
changes from the wavelength. It 1s approximately equal to the
temperature on the upper boundary of the cloud layer, the
position of which is determined independently from other obser-
vations (see Section 3). Both these factors mean that during
the transfer of thermal radiation particles of the cloud layer
itself play a decisive role, and the absorption coefficient
depends very little on the wavelength. Therefore, one must use
an approximation of the "gray" atmosphere for calculating heat
flows (that 1s, atmosphere with an absorption coefficient,
independent of the wavelength). In this case, the radiation
flux into the upper hemisphere is

ﬂ:UT";f¢' (1)
the radiation flux into the lower hemisphere
F. = -':Tw...

3% (15)

where T is the temperature at a certain altitude.

In atmosphere above clouds, one can accept

o= P57+, 2
;""-l o] "pu :F.’:\‘l‘x (l?)
where @lS(T,P) is the flow in the 15-um CO2 band.

At an altitude of approximately 70 km, both pairs of
formulas give close results. Beginning at 65 km and below, we
use formulas (14) and (15] for calculating flows, and formulas
(16) and (17) for altitudes above 65 km. Results are given
in Table 7 for three values of & -- three models were obtained,
respectlvely: the basic, corresponding to the mean value of ¢,

11
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the maximum and minlmum. They differ mainly Iln the upper part
of the investlgated area; as the altitude decreases the models
converge, slnce flows of F are close to equilibrium black-body
values. During calculation it was presumed that H = F* - F¥
did not depend on altitude; in an actual atmosphere, it can be
expected that the value of H is reduced in the upper part of
the cloud layer with a reduction of altitude, and values of

F+ and F, converge to a mean "y +Fe)=67T* . The differ-

ence between night and day flows is negligibly small.

5. Wind Speeds

There are three sources of information on wind speed in
the atmosphere of Venus:

a) movements of ultraviolet clouds [29],

b) the movement of visible clouds, determined according to
the Doppler shift [30], and by the periodic changes of
COz“bands,

c) the horizontal shift of Soviet DV, determined by the
Doppler shift of the carrier frequency of radio
signals [11, 31].

The first two sources relate to the 60-90 km range of alti-
tudes and, on an average, give speeds of approximately 100 m/sec.
The third source made it possible to show the profile of
horizontal wind speed in altitude ranges from 0 to 50 km. This /14
profile, according to information from V8, consists of three
sections: the lower (0-10 km), where the speed does not exceed
3 m/sec, the medium (20-4Q0 km), where the wind speed 1s approxi-
mately 35 m/sec, and the upper (40-50 km), where the wind speed
increases to 6Q m/sec.

A concept of the order of magnitude of vertical speeds can
be obtained from comparing the descent speeds of DV, calculated

2



by a barometric formuls and the aercodynamic braking equation.
These coincide with.an accuracy of up to several meters/seconds.
2 m/sec can be accepted as the upper limit. This evaluation
relates directly to altitudes of 0-~50 km. Extrapolation of it

to greater altitudes 1s permissible since there is a complete
lack of any other information.

TABLE 1. THE CHEMICAL QOMPOSITION OF THE ATMOSPHERE /1
OF VENUS (MOLECULES, RELIABLY DETECTED).

i
= T

“ Relative Con— _.
' Literature
{Malecule centration] ,
‘ I ,
+3 ‘ T
b c0y 97 73 l {1{
| 1,0 0,01 - 1.0 ! x.5]
| co | 5.1072 \ 3]
1 -7 1
| et 6-10 | - ]
WF 1070 l 03]
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THE WORKING MODEL OF THE ATMQOSPHERE OF

ABLE 2. VENUS (BASIC VARIANT),
N
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§
5.
ef
’ :%E | E}*‘,E..(Tem—wj Pres- Numerical Deastty |
SERR oS A
{ - i i I - i
ffg,gm | o ! 756 1 100 | 9.65.1020] 7.10.1072Surface level, v7
!6052 | | Tat l’ 33.0 | 9.08 6.67 Surface level, V8
{5056 | 5 { 772 | T3.0 | 7-43 | 5.46 ] i
5061 | 10 | 674 | 546 | s5.07 | 432 i
6066 115 | 635 | 382 4.26 [ 3.13 '
8011 |20 | s95 | 26.1 | 3as 2.34  End of work V5, v6
6016 |25 | s55 | 7.6 2.30 | 1.69 |
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| 5181 l10 | 197 | 2.63.1076 1.0a. :""" 7.93.1072 | ’
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6201 [150 [ 320 ' 5.64°107'0 1,28.1010| 9.39-10"’11 (
! |
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Distance from Center

TABLE 4.

A WORKING MODEL OF THE ATMOSPHERE OF VENUS

(MINIMUM VARIANT).
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TABLE 6. ILLUMINANCES ON THE UPFER BQUNDARY OF THE CLOUD
LEVEL IN THE RANGE 6000-11,000 (Eosinlﬂ.

H?éggt(IE:Monochromatic Illuminance chmfzum'l
above L

Horizon 0004 | 9000A | 100004 | 11060

| O
0! 0.08 Q 0.C58
| 0.0 0.030 | © 0.0
|
| (I S " = R

TABLE 7. EXPECTED BRIGHTNESSES QF VENUS IN THE RANGE
3000-20,000 A.

£ e 2. -1 -1 |
B .
Wavelength | rightness, Wecm “ster me_" N
R Height of Sun above Horizon (Phase
S0 953 >0 Angle 70%) *
! s
0.023 | 0.0I13 | 0.0C5
1 - ,
U } Ll | ‘
‘ 0.QL4 I 0.C ;
| B ’ :
Y I - |
C. |
0 0,004 I

¥Brightnesses are given on the intensity equator.
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TABLE 8. EXPECTED THERMAL RADIATION FLOWS IN THE ATMOSPHERE OF VENUS (ALTITUDE
RANGE 50-80 km).

Basic Model - Maximum Model Minimum Model
Bp = 0.77 A, = 0.70 2 B. = 0.84 2
ALt . . T=228°K, GT4=154 W_m"'2 T=245°K, 0T4=2-01 W-m T=209°K, UT4=1.07 W'Bﬂ
tudle-:_ ! " [Flow into | Flew into |Flow into Flow into | Flow into Flow into
7 km °K [atm.[Upper Hemi Lower Upper Lower Upper Lower
' pherg Fy Hem:.sphege,Hemlsphege Hemisphege,l—lemisphere , | Hemisphere,
= F om™ o em=2 1 I |
I R O N L L e R i b O B Brom
| s0 350 [1.29 32 955 | 794 908 | g1
L e L 494 %40 17 | 21 470 363
b0 . 60 |o. ";: 332 154 - 164 ' 314 | zo07
267 n3 . 242 | 136
T Tl L L&) s ! 236 35 142 | 35
75 j<13 |CaVt e 179 25 226 25 13: ! 25
o sz | ‘
05 1040044 167 13 214 13 120 13

~
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Fig. 1. Pressure 1n the temperature function in the atmosphere
of Venus according to direct and radio-refraction
measurement.

Fig. 2. The dependence of temperature on the altitude in three
variants of a working model of the atmosphere.

Fig. 3. The dependence of the mass density on the altitude in
three variants of a working model of the atmosphere.
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